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1
LENS SYSTEM AND IMAGE OBSERVATION
APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation application of U.S. patent applica-
tion Ser. No. 17/269,435, accorded a filing date of Feb. 18,
2021 (allowed); which is a national phase application of
International Application No. PCT/JP2019/033760, filed
Aug. 28, 2019; which claims priority to Japanese Applica-
tion No. JP 2018-159721, filed Aug. 28, 2018 and Japanese
Application No. JP 2018-196914, filed Oct. 18, 2018, the
entire disclosures of which are hereby incorporated by
reference.

TECHNICAL FIELD

The present disclosure relates to a lens system having a
Fresnel lens and to an image observation apparatus.

BACKGROUND ART

FIG. 1 is a schematic cross-sectional view of a Fresnel
lens structure. As depicted in FIG. 1, the Fresnel lens has a
plurality of grooves R that is formed to be concentrically
arranged. Each projection (prism 3) that has an inclined
surface 3a and a vertical surface 36 and has a ring-like shape
in plan view is formed between two adjacent grooves R. The
inclined surfaces 3a are obtained by dividing a spherical or
aspherical lens surface into a plurality of ring-like regions.
PTL 1 discloses an example of a conventional Fresnel lens.

CITATION LIST
Patent Literature
[PTL 1] PCT Patent Publication No. WO 2017/138480
SUMMARY
Technical Problem

As depicted in FIG. 1, in the Fresnel lens, the inclined
surfaces 3a and the vertical surfaces 3b are alternately
repeated in the radial direction of the lens. The inclined
surfaces 3a are effective surfaces that cause refraction of
light to obtain a formed image, while the vertical surfaces 35
are non-effective surfaces that do not make any contribution
to image forming. For this reason, even in a case where an
image the luminance of which is uniform over the whole
area of a display surface is displayed on the display surface,
when the image is observed through the Fresnel lens, a
gradation change (contrast) may be generated in the radial
direction of the lens. Further, in some cases, an observer
recognizes the gradation change as a circular pattern cen-
tered on the optical axis (see FIG. 26). In the present
description, such a pattern which is caused by the shape of
a Fresnel lens is referred to as “concentric circles” (in FIG.
26, broken lines T are added at the generation positions of
the concentric circles to emphasize concentric circles).

One object of the present disclosure is to propose a lens
system capable of providing, to a user, an image in which
generation of concentric circles is reduced and which has
high resolution (definition), and an image observation appa-
ratus.

10

15

20

25

30

35

40

45

50

55

60

65

2

Solution to Problem

A lens system proposed by the present disclosure includes
one or more Fresnel lenses. A lens surface of each of the one
or more Fresnel lenses has a plurality of grooves arranged in
a radial direction of the corresponding Fresnel lens. Both a
pitch which is a distance between two adjacent grooves and
a depth of each of the grooves vary with a distance from an
optical axis that passes through the center of the lens system.
An image observation apparatus proposed by the present
disclosure includes the lens system.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram schematically depicting a cross
section of a Fresnel lens.

FIG. 2 depicts diagrams of a head mounted display as an
example of an image observation apparatus to which a lens
system according to the present disclosure is applied.

FIG. 3 is a diagram depicting a configuration example of
a lens system which is proposed by the present disclosure
and includes one Fresnel lens.

FIG. 4 is a graph depicting an example of variations of a
groove depth and a groove pitch in a Fresnel lens.

FIG. 5 is a graph depicting a condition of a groove pitch
with respect to a distance from an optical axis in the
configuration of the lens system depicted in FIG. 3.

FIG. 6 is a diagram depicting a configuration example of
a lens system which is proposed by the present disclosure
and includes two Fresnel lenses.

FIG. 7 is a graph depicting a condition of a groove pitch
and a distance from an optical axis in the configuration of the
lens system depicted in FIG. 6.

FIG. 8 is a diagram for explaining the procedures of
obtaining the conditions depicted in FIGS. 5 and 7, and
depicts a photographing condition of a prepared lens system.

FIG. 9 is a diagram for explaining the procedures of
obtaining the conditions depicted in FIGS. 5 and 7, and
depicts the relation between a gradation in a photographed
image and a sight line angle.

FIG. 10 is a diagram for explaining a sight line angle.

FIG. 11A is a graph depicting the relation between a
spatial frequency and a human contrast sensitivity.

FIG. 11B is a table depicting a coefficient for defining an
approximation formula of a curve depicted in FIG. 11A.

FIG. 12A is a diagram for explaining the procedures of
obtaining the conditions in FIGS. 5 and 7, and depicts a
concentric-circle evaluation value obtained from a photo-
graphed image.

FIG. 12B is a diagram for explaining the procedures of
obtaining the conditions in FIGS. 5 and 7, and depicts an
example of a groove pitch in a lens system that is used for
photographing an image.

FIG. 13 is a diagram depicting a configuration of a lens
system used to obtain the condition depicted in FIG. 5.

FIG. 14A is a graph depicting a groove pitch in a lens
system SG used to obtain the condition depicted in FIG. 5.

FIG. 14B is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SG.

FIG. 15A is a graph depicting a groove pitch in a lens
system SH used to obtain the condition depicted in FIG. 5.

FIG. 15B is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SH.

FIG. 16A is a graph depicting a groove pitch in a lens
system SI used to obtain the condition depicted in FIG. 5.

FIG. 16B is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SI.
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FIG. 17 is a table depicting a groove pitch selected to
obtain the condition depicted in FIG. 5.

FIG. 18A is a diagram depicting a configuration of a lens
system SA used to obtain the condition depicted in FIG. 7.

FIG. 18B is a graph depicting a groove pitch in the lens
system SA.

FIG. 18C is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SA.

FIG. 19A is a diagram depicting a configuration of a lens
system SB used to obtain the condition depicted in FIG. 7.

FIG. 19B is a graph depicting a groove pitch in the lens
system SB.

FIG. 19C is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SB.

FIG. 20A is a diagram depicting a configuration of a lens
system SC used to obtain the condition depicted in FIG. 7.

FIG. 20B is a graph depicting a groove pitch in the lens
system SC.

FIG. 20C is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SC.

FIG. 21A is a diagram depicting a configuration of a lens
system SD used to obtain the condition depicted in FIG. 7.

FIG. 21B is a graph depicting a groove pitch in the lens
system SD.

FIG. 21C is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SD.

FIG. 22A is a diagram depicting a configuration of a lens
system SE used to obtain the condition depicted in FIG. 7.

FIG. 22B is a graph depicting a groove pitch in the lens
system SE.

FIG. 22C is a graph depicting a groove depth in the lens
system SE.

FIG. 22D is a graph depicting a concentric-circle evalu-
ation value obtained by use of the lens system SE.

FIG. 23 is a table depicting a groove pitch selected to
obtain the condition depicted in FIG. 7.

FIG. 24A is a graph for explaining a lens system accord-
ing to a first example, and depicts a groove pitch.

FIG. 24B is a graph for explaining the lens system
according to the first example, and depicts a groove depth.

FIG. 24C is a graph for explaining the lens system
according to the first example, and depicts a concentric-
circle evaluation value.

FIG. 24D is a photographed image obtained by use of the
lens system according to the first example.

FIG. 25A is a graph for explaining a lens system accord-
ing to a second example, and depicts a groove pitch.

FIG. 25B is a graph for explaining the lens system
according to the second example, and depicts a groove
depth.

FIG. 25C is a graph for explaining the lens system
according to the second example, and depicts a concentric-
circle evaluation value.

FIG. 25D is a photographed image obtained by use of the
lens system according to the second example.

FIG. 26 is a diagram depicting concentric circles (grada-
tion change) which are generated by use of a conventional
Fresnel lens.

DESCRIPTION OF EMBODIMENTS

Hereinafter, one embodiment of a lens system and an
image observation apparatus proposed by the present dis-
closure will be explained.

The lens system proposed by the present disclosure has
one or more Fresnel lenses. For example, the lens system is
used as an ocular optical system which is installed in an
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image observation apparatus for a user to view a still picture
or a video displayed on a display element.

Image Observation Apparatus

For example, the image observation apparatus is a head
mounted display 100 (see FIG. 2). The head mounted
display 100 includes a display surface Ds which is placed in
front of eyes of a user (observer), and lens systems S1 or lens
systems S2 that will be explained later. The display surface
Ds is a liquid crystal display device, an organic EL (elec-
troluminescence) display device, or a micro OLED display
device, for example. In a case where the lens systems S1
(S2) are installed in the head mounted display 100, the two
lens systems S1 (S2) are disposed side by side. It is to be
noted that the image observation apparatus in which the lens
system S1 (S2) is installed is not limited to the head mounted
display 100. The image observation apparatus may be an
electronic viewfinder of a camera, for example. In this case,
it is sufficient that one lens system S1 (S2) is installed in the
image observation apparatus.

First Embodiment

FIG. 3 is a diagram depicting a configuration of the lens
system S1 according to a first embodiment. The lens system
S1 includes one Fresnel lens FL. A lens system may include
two Fresnel lenses, as explained later. The Fresnel lens FL
has a lens surface Lf directed to the display surface Ds side.
The lens surface Lf has a Fresnel structure. The Fresnel lens
FL has a lens surface Ln opposite to the lens surface Lf. The
lens surface Ln has a convex aspherical shape, for example.

The structure of the lens system S1 is not limited to the
example depicted in FIG. 3. For example, the Fresnel lens
FL does not need to have the lens surface Ln having an
aspherical shape. The lens surface Lf having a Fresnel
structure may be directed to a side opposite to the display
surface Ds.

As in the Fresnel lens depicted in FIG. 1, the lens surface
Lf of the Fresnel lens FL has a plurality of grooves (refer-
ence sign R in FIG. 1) that is concentrically arranged. Each
projection (prism 3) is formed between the adjacent grooves.
FIG. 4 is a graph depicting an example of the relation
between a distance from an optical axis LC and a groove
depth. The optical axis L.C passes through the center of the
Fresnel lens FL.

In the lens surface Lf of the Fresnel lens FL, both a pitch
which is a distance between adjacent two grooves, that is,
the width of a prism 3 (reference sign P in FIG. 1), and a
groove depth Sa, that is, the height of a prism 3 (reference
sign Sa in FIG. 1), vary with the distance from the optical
axis LC (lens center) (hereinafter, the pitch is referred to as
a “groove pitch,” and the depth of a groove is referred to as
a “groove depth”). It is sufficient that a range where the
groove pitch gradually varies with the distance from the
optical axis LC at least partially overlaps with a range where
the groove depth gradually varies with the distance from the
optical axis L.C. That is, the range where the groove pitch
gradually varies does not need to completely identical to the
range where the groove depth gradually varies. For example,
while the groove pitch gradually varies in a range where the
distance from the optical axis LC is 3 to 10 mm, the groove
depth may gradually vary in a range where the distance from
the optical axis LC is 5 to 25 mm. In this case, both the
groove pitch and the groove depth gradually vary in a range
where the distance from the optical axis LC is 5 to 10 mm.
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It is to be noted that the expression that “the groove depth
gradually varies with the distance from the lens center”
means that a decrease of the groove depth continues over a
plurality of grooves continuously arranged in the radial
direction of the Fresnel lens, and that an increase of the
groove depth continues over a plurality of grooves continu-
ously arranged in the radial direction of the Fresnel lens.
Also, the expression that “the groove pitch gradually varies
with the distance from the lens center” means that a decrease
of the groove pitch continues over a plurality of grooves
continuously arranged in the radial direction of the Fresnel
lens, and that an increase of the groove pitch continues over
a plurality of grooves continuously arranged in the radial
direction of the Fresnel lens. Further, the term “groove
pitch” refers to a distance between two adjacent grooves,
and more specifically, refers to a distance P (see FIG. 4)
between the deepest position of one groove and the deepest
position of a groove adjacent to the one groove. The term
“groove depth” refers to a vertical distance between the apex
of'a prism adjoining a groove and the deepest position of the
groove.

When an image the luminance of which is uniform over
the whole area of the display surface Ds is displayed to be
observed through a conventional Fresnel lens, a gradation
change (contrast) may be generated in a direction away from
the optical axis. An observer may recognize this gradation
change as a circular pattern (concentric circles) centered on
the position of the optical axis. When the groove pitch is
reduced, light having passed through inclined surfaces (ref-
erence sign 3a in FIG. 1) disposed on both sides of a vertical
surface (reference sign 35 in FIG. 1) of a prism arrives at a
region that is darkened due to the vertical surface. Thus, the
gradation change is reduced. That is, when the groove pitch
is reduced, generation of concentric circles is suppressed.
However, in an actual Fresnel lens, when the groove pitch is
smaller, the angle of each inclined surface is more likely to
be largely deviated from a normal value (design value), so
that it is difficult to obtain a properly formed image. That is,
when the groove pitch is set to be smaller, a low-resolution
(definition) image is more likely to be formed.

It is to be noted that, in the present description, the vertical
surfaces 3b are substantially vertical with respect to the
horizontal plane (a plane orthogonal to the optical axis). The
angle formed between the vertical surfaces 36 and the
horizontal plane may be slightly deviated from 90 degrees.

In a conventional Fresnel lens, the groove pitch is uniform
over the entirety of the lens, or the groove depths are
uniform over the entirety of the lens. Therefore, it is difficult
to set the groove pitch to a value that is suitable for reducing
concentric circles and forming a high-resolution image. For
example, in a Fresnel lens in which a groove pitch is uniform
over the entirety of the lens, when the groove pitch is
reduced, the resolution (definition) of an image formed
through the Fresnel lens is deteriorated. In addition, a
Fresnel lens is formed by arranging, on a horizontal surface,
a plurality of inclined surfaces that is obtained by dividing
a spherical or aspherical lens surface into multiple regions.
Therefore, in a Fresnel lens in which the value of the groove
depth is fixed over the entirety of the lens, the groove pitch
is defined according to the distance from the optical axis L.C.
The groove pitch thus defined is not necessarily set to a
preferable value from the viewpoint of reduction of concen-
tric circles and formation of a high-resolution image.

In contrast, according to the Fresnel lens FL proposed by
the present disclosure, both a groove pitch and a groove
depth vary with the distance from the optical axis L.C (lens
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center). Consequently, it is easy to reduce concentric circles
and form a high-resolution (definition) image.

In one example of the Fresnel lens FL, there is a range
where the groove depth gradually increases with an increase
of the distance from the optical axis L.C. In at least a part of
a range regarding the distance from the optical axis LC, the
groove pitch gradually decreases with an increase of the
distance from the optical axis LC. For example, in the whole
range of the Fresnel lens FL, the groove pitch gradually
decreases with an increase of the distance from the optical
axis LC. For example, the decrease rate of the groove pitch
is high in the range of 0 mm to a prescribed distance (e.g.,
5 mm) and is lower in a range of the prescribed distance or
more, than in the range of 0 mm to the prescribed distance
(e.g., S mm). Alternatively, the groove pitch may be fixed in
the range of the prescribed distance or more. On the other
hand, there may be a range where the groove depth gradually
decreases and a range where the groove depth gradually
increases. For example, the groove depth may gradually
decrease in the range of 0 mm to the prescribed distance and
may gradually increase in the range of the prescribed
distance or more.

It is to be noted that, in a conventional Fresnel lens, a lens
surface having a Fresnel structure is formed in such a way
that the deepest points of grooves are arranged on a hori-
zontal plane. In contrast, the lens surface Lf of the Fresnel
lens FL may be formed in such a way that middle points (n1,
n2, n3, etc., in FIG. 4), in the height direction (groove depth
direction), of projections (prisms) each formed between
adjacent grooves are arranged on a horizontal plane, as
depicted in FIG. 4. In this case, the projections (prisms) may
be arranged along an aspherical surface (e.g., a concave
surface), instead of being arranged on a horizontal plane.

FIG. 5 is a graph for depicting the condition of a desired
groove pitch. In FIG. 5, a solid line PL1 indicates the
following formula (1).

0 mm=X=10 mm: P=0.00021(X-10)"4+0.6

10 mm<X:P=0.6 mm Formula (1):

In the formula (1), “P” represents a groove pitch (mm), and
“X” represents a distance (mm) from the optical axis L.C
(lens center). In addition, in the graph in FIG. 5, the groove
pitch at a distance of 0 mm from the optical axis L.C means
the distance from the optical axis L.C to the innermost
groove. In other words, the groove pitch at a distance of 0
mm from the optical axis LC is the radius of the prism 3
(prism 3A in FIG. 1) located on the lens center. These
definitions also apply to the following explanation.

As indicated by broken lines PL.2 and PL3 in FIG. 5, it is
desirable that, when 0 mm=X=<10 mm, X and P satisfy the
following conditions.

Broken line PL2: P<(0.00021(X-10)"4+0.6)x1.5

Broken line PL3: P=(0.00021(X-10)"4+0.6)x0.5  Condition (1-1):

When the groove pitch falls within the range of condition
(1-1), it is easy to reduce concentric circles, compared to a
case where the groove pitch is greater than the range of
condition (1-1). In addition, it is easy to obtain a high-
resolution (definition) image, compared to a case where the
groove pitch is less than the range of condition (1-1).

Also, it is desirable that, when 10 mm<X, the groove pitch
satisty the following conditions.

Line PL2: P<0.9

Line PL3: 0.3<P Condition (1-2):
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When the groove pitch satisfies the range of condition
(1-2), it is easy to reduce concentric circles within the range
of 10 mm<X, compared to a case where the groove pitch is
greater than the range of condition (1-2). When the groove
pitch satisfies the range of condition (1-2), it is easy to obtain
a high-resolution (definition) image within the range of 10
mm<X, compared to a case where the groove pitch is less
than the range of condition (1-2).

It is to be noted that, in the lens surface Lf of the Fresnel
lens FL, inclined surfaces that are obtained by dividing a
spherical or aspherical lens surface into a plurality of regions
at a groove pitch are arranged on a horizontal plane. There-
fore, if the surface shape of a lens surface that is the basis
of the lens surface Lf of the Fresnel lens FL and the groove
pitch are defined, the groove depth is automatically defined.
The surface shape of a lens surface that is the basis of the
lens surface Lf of the Fresnel lens FL. may be designed
according to optical performance that is desired for an image
observation apparatus employing the lens system S1.

Further, when 0 mm=X=<10 mm, the distance X from the
optical axis LLC and the groove pitch P may satisty the
following conditions.

P=<(0.00021(X-10)"4+0.6)x1.5

P2(0.00021(X-10)"4-+0.6)x0.9 Condition (2-1):

When the groove pitch satisfies the range of condition (2-1),
it is easy to obtain a high-resolution (definition) image,
compared to a case where the groove pitch is less than the
range of condition (2-1).

In addition, it is desirable that, when 10 mm<X, the
groove pitch P satisfy the following condition.

0.54=P=0.90 Condition (2-2):

When the groove pitch satisfies the range of condition (2-2),
it is easy to obtain a high-resolution (definition) image
within the range of 10 mm<X, compared to a case where the
groove pitch is less than the range of condition (2-2).

Moreover, when 0 mm=X=<10 mm, the distance X from
the optical axis L.C and the groove pitch P may satisfy the
following conditions.

P=<(0.00021(X-10)"4+0.6)x1.1

P2(0.00021(X-10)"4+0.6)x0.5 Condition (3-1):

When the groove pitch satisfies the range of condition (3-1),
it becomes easier to reduce concentric circles.

In addition, it is desirable that, when 10 mm<X, the
groove pitch P satisfy the following condition.

0.30=P=<0.66 Condition (3-2):

When the groove pitch P satisfies the range of condition
(3-2), it becomes easier to reduce concentric circles in the
range of 10 mm<X.

Further, it is desirable that the groove pitch P satisfy the
following conditions.

In a position at a distance of 0 mm from the optical
axis LC: 1.35sP=4.05 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.37<P=<1.10 mm

In a position at a distance of 10 mm from the opti-

cal axis LC: 0.30=P<0.90 mm Condition (4)

When the groove pitch P falls within the range of condition
(4), it is easy to reduce concentric circles, compared to a case
where the groove pitch P is greater than the range of
condition (4). In addition, it is easy to obtain a high-
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resolution (definition) image, compared to a case where the
groove pitch P is less than the range of condition (4).

Further, the groove pitch P may satisfy the following
conditions.

In a position at a distance of 0 mm from the optical
axis LC: 2.43=P<4.05 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.66:5=P<1.10 mm

In a position at a distance of 10 mm from the opti-

cal axis LC: 0.54=P<0.9 mm Condition (5)

When the groove pitch P falls within the range of condition
(5), it is easy to obtain a high-resolution (definition) image,
compared to a case where the groove pitch is less than the
range of condition (5).

Moreover, the groove pitch P may satisfy the following
conditions.

In a position at a distance of 0 mm from the optical
axis LC: 1.35=P<2.97 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.375=P=<0.80 mm

In a position at a distance of 10 mm from the opti-

cal axis LC: 0.30=P<0.66 mm Condition (6)

When the groove pitch P falls within the range of condition
(6), it is easy to reduce concentric circles, compared to a case
where the groove pitch P is greater than the range of
condition (6).

Second Embodiment

FIG. 6 is a diagram depicting a configuration of the lens
system S2 according to a second embodiment. The lens
system S2 includes two Fresnel lenses FL.1 and FL.2 which
are disposed side by side in the optical axis direction. The
first Fresnel lens FL1 has a lens surface Lin directed to the
display surface Ds side. The lens surface Lin is an aspherical
lens surface, for example. The first Fresnel lens FL.1 has a
lens surface L1/ having a Fresnel structure opposite to the
lens surface Lin. The second Fresnel lens FL2 has a lens
surface [.2f being directed to the first Fresnel lens FL.1 and
having a Fresnel structure. Therefore, the lens surface L1fof
the first Fresnel lens FL.1 and the lens surface L2f of the
second Fresnel lens FL2 are opposed to each other. The
second Fresnel lens FL.2 has a nearly flat surface L2n
opposite to the lens surface L2f

The structure of the lens system S2 is not limited to the
example in FIG. 6. The surface Lin of the first Fresnel lens
FL1 on the display surface Ds side does not need to be a lens
surface. In still another example, both the lens surface L1f{a
surface having a Fresnel structure) of the first Fresnel lens
FL1 and the lens surface L.2f (a surface having a Fresnel
structure) of the second Fresnel lens F1.2 may be directed to
the display surface Ds side or may be directed to a side
opposite to the display surface Ds.

In each of the lens surfaces L1f and [.2f of the Fresnel
lenses FL.1 and FL.2, a plurality of grooves (reference sign
R in FIG. 1) that is concentrically arranged is formed. Each
projection (prism) is formed between two adjacent grooves.
In each of the Fresnel lenses FL.1 and FL2, both the groove
pitch which is the distance between two adjacent grooves
and the groove depth vary with the distance from the optical
axis LC (lens center), similarly to those in the Fresnel lens
FL of the lens system S1. That is, a range where the groove
pitch gradually varies with the distance from the optical axis
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LC and a range where the groove depth gradually varies with
the distance from the optical axis LC at least partially
overlap with each other. The range where the groove pitch
gradually varies and the range where the groove depth
gradually varies do not need to be completely identical to
each other.

In each of the Fresnel lenses FL1 and FL2, both the
groove pitch and the groove depth vary with the distance
from the optical axis LC (lens center). Therefore, for a
reason similar to that in the lens system S1, it is easy to
reduce concentric circles and form a high-resolution (defi-
nition) image.

In one example of each of the Fresnel lenses FI.1 and F1.2,
the lens includes a range where the groove depth gradually
increases with an increase of the distance from the optical
axis LC. In at least a part of the range, the groove pitch
gradually decreases with an increase of the distance from the
optical axis L.C. For example, in the whole range of the
Fresnel lens FL1 or FL2, the groove pitch gradually
decreases with an increase of the distance from the optical
axis LC. For example, the decrease rate of the groove pitch
is high in a range of 0 mm to a prescribed distance (e.g., 10
mm) and is low in a range exceeding the prescribed distance.
Alternatively, the value of the groove pitch may be fixed in
the range exceeding the prescribed distance. On the other
hand, regarding the groove depth, there may be a range
where the groove depth gradually decreases and a range
where the groove depth gradually increases. For example,
the groove depth may gradually decrease in a range of a
prescribed distance (e.g., 10 mm) or less and may gradually
increase in a range exceeding the prescribed distance. Alter-
natively, the groove depth may gradually increase in a range
of a prescribed distance (e.g., 30 mm) or less and may
gradually decrease in a range exceeding the prescribed
distance.

It is to be noted that each of the lens surface L1f of the
Fresnel lens FL.1 and the lens surface [.2f of the Fresnel lens
FL2 may be formed in such a way that the middle points (n1,
n2, n3, etc., in FIG. 4), in the height direction (groove depth
direction), of projections (prisms) each formed between two
adjacent grooves are arranged on a horizontal plane, simi-
larly to those in the lens surface Lf of the Fresnel lens FL of
the lens system S1.

FIG. 7 is a graph depicting the groove pitch P in the lens
system S2 including the two Fresnel lenses FL.1 and FL.2. In
this graph, a solid line PL4 indicates the following formula

Q).

0 mm=X=<18 mm: P=-0.00039(X-18)"3+0.2

18 mm<X:P=0.2 mm Formula (2):

It is to be noted that, also in the graph in FIG. 7, “P” and “X”
in the formula (2) represents a groove pitch (mm) and a
distance (mm) from the optical axis LC (lens center),
respectively. Further, in the graph in FIG. 7, the groove pitch
at a distance of 0 mm from the optical axis LC means a
distance from the optical axis LC to the innermost groove.

It is desirable that, when 0 mm=X=<18 mm, X and P satisfy
the following conditions, as indicated by a broken line PL5
and a broken line PL6 in FIG. 7.

Broken line PL5: P<(-0.00039(X-18)"+0.2)x1.5

Broken line PL6: P=(-0.00039(X-18)"+0.2)x0.5  Condition (7-1):

When the groove pitch falls within the range of condition
(7-1), it is easy to reduce concentric circles, compared to a
case where the groove pitch P is greater than the range of
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condition (7-1). In addition, it is easy to obtain a high-
resolution (definition) image, compared to a case where the
groove pitch is less than the range of condition (7-1).
Further, it is desirable that, when 18 mm<X, the groove
pitch P satisty the following conditions.

Broken line PL5: P<0.3

Broken line PL6: 0.1=P Condition (7-2):

When the groove pitch satisfies the range of condition (7-2),
it is easy to reduce concentric circles in the range where 18
mm<X, compared to a case where the groove pitch is greater
than the range of condition (7-2). In addition, it is easy to
obtain a high-resolution (definition) image in a range where
18 mm<X, compared to a case where the groove pitch is less
than the range of condition (7-2).

It is to be noted that, on each of the lens surface L1f of the
Fresnel lens FL.1 and the lens surface [.2fof the Fresnel lens
FL2, inclined surfaces obtained by dividing a spherical or
aspherical lens surface into multiple regions at a groove
pitch are arranged on a horizontal plane. Therefore, when the
surface shape and the groove pitch of a lens surface that is
the base of the lens surface L1f of the Fresnel lens FL1 or
the lens surface L.2f of the Fresnel lens FL.2 are determined,
the groove depth is automatically determined. The surface
shape of a lens surface that is the base of the lens surface L1/
of'the Fresnel lens FL1 or the lens surface [.2f of the Fresnel
lens FL.2 may be designed according to optical performance
that is desired for an image observation apparatus employing
the lens system S2.

When 0 mm=X=<18 mm, the groove pitch P and the
distance X from the optical axis LC in each of the two
Fresnel lenses FLL1 and FL2 may satisty the following
conditions.

P<(~0.00039(X-18)"+0.2)x1.5

P2(~0.00039(X-18)"+0.2)x0.9 Condition (8-1):

When the groove pitch satisfies the range of condition (8-1),
it is easy to obtain a high-resolution (definition) image,
compared to a case where the groove pitch is less than the
range of condition (8-1).

Also, it is desirable that, when 18 mm<X, the groove pitch
P satisfy the following condition.

0.18=P=0.30 Condition (8-2):

When the groove pitch satisfies the range of condition (8-2),
it is easy to reduce concentric circles in the range where 18
mm<X.

When 0 mm=X=<18 mm, the groove pitch P and the
distance X from the optical axis LC in each of the two
Fresnel lenses FLL1 and FL2 may satisty the following
conditions.

P<(~0.00039(X-18)"+0.2)x1.2

P2(~0.00039(X-18)"+0.2)x0.5 Condition (9-1):

When the groove pitch satisfies the range of condition (9-1),
it becomes easier to reduce concentric circles.

Also, it is desirable that, when 18 mm<X, the groove pitch
P satisfy the following condition.

0.10=P=<0.24 Condition (9-2):

When the groove pitch satisfies the range of condition (9-2),
it becomes easier to reduce concentric circles in the range
where 18 mm<X.

Also, it is desirable that the groove pitch P satisfy the
following conditions.
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In a position at a distance of 0 mm from the optical
axis LC: 1.25=P<3.75 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.53=P<1.59 mm

In a position at a distance of 18 mm or larger from

the optical axis LC: 0.10=P=0.30 mm Condition (10)

When the groove pitch falls within the range of condition
(10), it is easy to reduce concentric circles, compared to a
case where the groove pitch is greater than the range of
condition (10). In addition, it is easy to obtain a high-
resolution (definition) image, compared to a case where the
groove pitch is less than the range of condition (10). It is to
be noted that, under condition (10), 0.20=P=<0.60 mm may
be satisfied in a point at a distance of 10 mm from the optical
axis LC. Further, the groove pitch P may satisty the follow-
ing conditions.

In a position at a distance of 0 mm from the optical
axis LC: 2.22<P<3.75 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.95=P=<1.59 mm

In a position at a distance of 18 mm or larger from

the optical axis LC: 0.18=P=0.30 mm Condition (11)

When the groove pitch P falls within the range of condition
(11), it is easy to obtain a high-resolution (definition) image,
compared to a case where the groove pitch is less than the
range of condition (11). It is to be noted that, under condition
(11), 0.35=P=<0.60 mm may be satisfied in a position at a
distance of 10 mm from the optical axis LC.

Further, the groove pitch P may satisfy the following
conditions.

In a position at a distance of 0 mm from the optical
axis LC: 1.24=P<2.97 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.53=P<1.27 mm

In a position at a distance of 18 mm or larger from

the optical axis LC: 0.10=P=<0.24 mm Condition (12)

When the groove pitch P falls within the range of condition
(12), it is easy to reduce concentric circles, compared to a
case where the groove pitch P is greater than the range of
condition (12). It is to be noted that, under condition (12),
0.20=P=0.48 mm may be satisfied in a position at a distance
of 10 mm from the optical axis LC.

Further, the groove pitch P may satisfy the following
conditions.

In a position at a distance of 0 mm from the optical
axis LC: 2.22<P<3.75 mm

In a position at a distance of 5 mm from the optical
axis LC: 0.53=P<1.27 mm

In a position at a distance of 18 mm or larger from

the optical axis LC: 0.10=P=0.30 mm Condition (13)

When the groove pitch P falls within the range of condition
(13), it is easy to obtain a high-resolution (definition) image
at the lens center portion. It is to be noted that, under
condition (13), 0.20=P=<0.48 mm may be satisfied in a
position at a distance of 10 mm from the optical axis L.C.

In the lens system S2, the lens surfaces L.1f'and 1.2/ each
adopting a Fresnel structure are opposed to each other.
Therefore, differently from a case where, for example, the
lens surfaces [.1f'and [.2f each adopting a Fresnel structure
are directed toward the same direction, the structure of the
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lens system S2 can be approximated to a symmetrical
structure with respect to the center (for example, a plane
orthogonal to the optical axis and positioned between the
two lenses FLL1 and FL2), of the lens system, in the optical
axis direction. As a result, it becomes easy to correct an
image surface curvature (astigmatism), which is difficult to
reduce on a display device of an image observation appa-
ratus. That is, it becomes easy to cancel the total aberration
by compensating an aberration due to the lens surface L1f
and an aberration due to the lens surface [.2f'In addition,
since the lens surfaces L1/ and [.2f each having a Fresnel
structure are opposed to each other, adhesion of dirt or dust
to the two lens surfaces L.1f'and [.2f can be suppressed. The
gap between the lens surfaces L1 and [.2f may be sealed
with a sealing material attached on the edges of the two
lenses FLL1 and FL2. Thus, adhesion of dirt or dust to the lens
surfaces L1f and [.2f can be more effectively suppressed.

Procedures of Specifying Conditions

Hereinafter, procedures of specitying the aforementioned
conditions of the groove pitch will be explained.

As depicted in FIG. 1, in a Fresnel lens, a plurality of
grooves R that is arranged in the radial direction about an
optical axis LC (lens center) is formed, and each prism 3
having an inclined surface 3a that generates refraction of
light for obtaining a formed image and a vertical surface 35
that does not make any contribution to image forming is
formed between two adjacent grooves R. Therefore, a Fres-
nel lens conventionally generates concentric circles (T
depicted in FIG. 26, a gradation change) caused by the
vertical surfaces 3b.

Generation of concentric circles depends on the groove
pitch. When the groove pitch is reduced, light having passed
through inclined surfaces 3a disposed on both sides of a
vertical surface 36 of a prism arrives at a region that is
darkened due to the vertical surface 3b. Accordingly, the
gradation change becomes small. That is, when the groove
pitch is reduced, generation of concentric circles is sup-
pressed. On the other hand, when the groove pitch is
reduced, an error of the angle of each inclined surface 3a is
likely to be generated. Accordingly, a formed image is likely
to have a low resolution (definition). In addition, whether or
not a concentric circle due to a certain vertical surface 356 can
be seen also depends on the sight line angle (in other words,
the distance from the optical axis L.C to the vertical surface
35b) of human pupils. Therefore, in order to obtain any of the
aforementioned conditions of the groove pitch, a plurality of
Fresnel lenses the groove pitch of which was known in
advance was prepared, and still pictures were observed
through the plurality of Fresnel lenses. Then, the invisibility
degree of concentric circles in each of the still pictures was
evaluated. The invisibility degree of concentric circles was
evaluated with respect to a distance from the optical axis LC.
Subsequently, from the viewpoint of concentric circles and
a resolution, a desired range of the groove pitch was
obtained with respect to a distance from the optical axis LC.

Hereinafter, formulas and numerical values for defining
the aforementioned conditions will be more specifically
explained.

Multiple lens systems each including one or two Fresnel
lenses were prepared. Fresnel lenses the groove pitch of
which was known in advance were used. These Fresnel
lenses were conventional ones. In each of these Fresnel
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lenses, either the groove pitch or the groove depth was fixed
independently from the distance from the optical axis L.C
(lens center).

Photographing Condition

Next, an image the brightness of which was uniform over
the whole area of a display region was photographed
through each of the prepared Fresnel lenses (lens systems).
FIG. 8 is a diagram depicting the photographing condition in
this case. As depicted in FIG. 8, a lens system S was
disposed separately from a display device 101, and a camera
unit 104 including a camera body 103 and a lens 102 was
disposed separately from the lens system S. A distance Z1
from the lens system S to the camera unit 104 was set to 12
mm. “Galaxy S8” manufactured by Samsung Electronics
Co., Ltd., “a6500” manufactured by Sony Corporation, and
“SEL1018” manufactured by Sony Corporation were used
for the display device 101, the camera body 103, and the lens
102, respectively. It is to be noted that the position of the lens
system S (a distance Z2 from the display device 101) was
adjusted in such a way that a black matrix for defining pixels
of the display device 101 was not included in the photo-
graphed image because there was a possibility that the black
matrix became noise against evaluation of concentric
circles. In addition, when a screen is brighter, concentric
circles are more likely to be generated. Therefore, the
aperture of the camera body 103 was set to F4.0 comparable
to 2.5 mm which is the size of a human pupil under a bright
environment. Moreover, the exposure of the camera body
103 was adjusted such that a photographed image that was
as bright as possible was obtained while no halation was
generated.

[Concentric-Circle Evaluation Value]

As depicted in the graph in FIG. 9, a gradation value
depending on a sight line angle was obtained from each of
the photographed images. Specifically, the relation between
coordinates on a photographed image and the sight line
angle was calculated by ray tracing (computation of optical
paths). Subsequently, the relation between the sight line
angle and the gradation value was obtained on the basis of
the relation between the coordinates and the gradation value
obtained from the photographed image. The gradation value
thus obtained gradually decreased with the sight line angle.
Here, the sight line angle is the angle 6 of a sight line V
relative to the optical axis LC (see FIG. 10).

The spatial frequency and the inverse of a contrast were
calculated on the basis of a change in the gradation value.
The spatial frequency is defined by the following formula
such that the spatial frequency corresponding to the sight
line angle can be calculated.

0=1/(x2-x0)

[P )

where “w” represents a spatial frequency, and “x0” and “x2”
represent sight line angles at adjacent two peaks, as depicted
in FIG. 9. Further, the inverse of the contrast is defined by
the following formula.

Ci=(AVERAGE(y2,y0)+y1)/(AVERAGE(y2,)0)-y1)

where Ci represents the inverse of a contrast, and y0, y1, and
y2 represent gradation values in positions at which the sight
line angle is x0, x1, and x2, respectively. In addition,
AVERAGE (y2, y0) represents the average of two adjacent
peaks (hereinafter, the inverse of the contrast is referred to
as a “contrast inverse”).

It has been known that examples of the frequency (spatial
frequency) of a gradation change include a frequency at

10

15

20

25

30

35

40

45

50

55

60

65

14

which human pupils are likely to sense a contrast (gradation
change) and a frequency at which human pupils are less
likely to sense a contrast. The relation between a spatial
frequency and a human-eyes’ contrast sensitivity is dis-
closed in the document below. A contrast sensitivity is a
value indicating the limit of a contrast which human eyes
can recognize. A contrast sensitivity is indicated by the
inverse of a contrast limit. “F. L. Van Nes, J. J. Koenderink,
H. Nas, and M. A. Bouman, (1967), Spatiotemporal Modu-
lation Transfer in the Human Eye, Journal of the Optical
Society of America Vol. 57, Issue 9, pp. 1082-1088”

FIG. 11A is a graph depicting the relation between a
contrast sensitivity and a spatial frequency proposed by the
above document. An approximation formula regarding the
relation between a contrast sensitivity and a spatial fre-
quency was obtained with reference to the above document.
In the range where the spatial frequency w is 0.1 to 10, a
contrast sensitivity and a spatial frequency have a relation
expressed by the following approximation formula.

Cs=A1x+A2%x0 2+A43% 0 3+44x 0 4+A45x 0 5 +46x
0 6+A47x0 T+A8x 0 8+49 09

where Cs represents a contrast sensitivity, w represents a
spatial frequency, and A1 to A9 are the coefficients depicted
in a table in FIG. 11B.

A concentric-circle evaluation value was calculated on the
basis of the difference between a contrast inverse obtained
from a photographed image and a contrast sensitivity
obtained from the above approximation formula. A concen-
tric-circle evaluation value indicates an invisibility degree of
concentric circles. For example, a great concentric-circle
evaluation value indicates that a gradation change corre-
sponding to the concentric-circle evaluation value is less
likely to be recognized as concentric circles by the observer.
A concentric-circle evaluation value was calculated on the
basis of the following formula (3).

N=Ci-Cs+5%(6-40) Formula (3):

[Tt

where “n” represents a concentric-circle evaluation value,
“Ci” represents a contrast inverse obtained from a photo-
graphed image, “Cs” represents a contrast sensitivity
expressed by the above spatial frequency w and the coeffi-
cients Al to A9 (see FIG. 11B), and “0” represents a sight
line angle. It is to be noted that three points depicted in FIG.
9 are necessary to calculate the concentric-circle evaluation
value 1. Therefore, the concentric-circle evaluation value m
can be calculated in a position including a minimum value
(v1 in FIG. 9).

The human-pupils’ sensitivity to a contrast (gradation
change) varies depending on the sight line angle. When
human pupils are directed toward an optical axis (when the
sight line angle 6=0), the visual recognition capability to a
contrast becomes maximum. With rotation of the pupils, the
recognition capability to a contrast is degraded. Thus, in the
formula (3), “5x (6-40)” is added to “Ci-Cs.” As a result,
when the pupils are directed towards the optical axis (when
06=0 deg), “-200” is added as a correction value to the
concentric-circle evaluation value, and when the pupils are
rotated to the maximum (when 6=40 deg), the correction
value is 0. When the concentric-circle evaluation value
calculated from the formula (3) by use of such a correction
value is greater than 0, a gradation change indicated by the
concentric-circle evaluation value is considered to be so
small that the gradation change is not recognized as con-
centric circles by human beings. On the other hand, when the
concentric-circle evaluation value calculated from the for-
mula (3) is much lower than 0, there is a possibility that a
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gradation change indicated by the concentric-circle evalua-
tion value is recognized as concentric circles by human
beings.

For this reason, when the groove pitch is set so as not to
generate a concentric-circle evaluation value that is much
less than 0, a Fresnel lens that does not generate any
concentric circle can be obtained. Therefore, on the basis of
results obtained by use of the lens systems with a reference
value for a concentric-circle evaluation value set to 0, a
groove pitch at which the concentric-circle evaluation value
was equal to or greater than 0 was obtained.

Specifically, from the relation (see FIG. 9) between a
gradation value and a sight line angle obtained for each
prepared Fresnel lens (lens system S), a contrast inverse Ci
and a spatial frequency w corresponding to a sight line angle
0 were calculated. Then, a concentric-circle evaluation value
7 corresponding to the sight line angle 6 was calculated with
use of the formula (3). As explained previously, the groove
pitch in a Fresnel lens included in the lens system S for
photographing an image was known in advance. Thus, a
sight line angle at which the concentric-circle evaluation
value was 0 or close to 0 was identified, a prism 3 (see FIG.
1) located at the sight line angle was identified, and the
groove pitch of the prism 3 relative to an adjacent prism 3
was obtained.

This operation will be explained with use of FIGS. 12A
and 12B. FIG. 12A is a diagram depicting an example of a
calculated concentric-circle evaluation value. In addition, in
a Fresnel lens, there is a relation between a distance from an
optical axis LC (lens center) and a groove pitch as depicted
in FIG. 12B, for example. In FIG. 12B, groove pitch values
are plotted at respective positions of prisms 3. In the graph
in FIG. 12B, a groove pitch at a distance of 0 mm from the
lens center means the distance from the lens center to the
innermost groove. In other words, a groove pitch at a
distance of 0 mm from the lens center is the radius of a prism
3 (prism 3A in FIG. 1) located on the lens center. Further, the
groove pitch indicated by the second point corresponds to
the width of the second prism 3 (prism 3B in FIG. 1) from
the lens center. Also, the groove pitch indicated by the third
point corresponds to the width of the third prism 3 (prism 3C
in FIG. 1) from the lens center. Similarly, this applies to
graphs each indicating the relation between the distance
from the optical axis L.C and the groove pitch for other lens
systems (lens systems SA to SJ) that will be described later.

In the example in FIG. 12A, a concentric-circle evaluation
value q that matches 0 is not obtained, but a concentric-
circle evaluation value q is equal to 0 at an roughly inter-
mediate position (a range surrounded by a broken line P3)
between points P1 and P2. In this example, the sight line
angle is approximately 9 degrees in the range surrounded by
the broken line P3. In this case, a prism 3 that corresponds
to the sight line angle of 9 degrees is identified by ray
tracing. In the example in FIG. 12B, a prism 3 that corre-
sponds to the sight line angle of 9 degrees is identified as the
fourth prism by ray tracing. In this example, the fourth prism
3 is at a distance of 4.9 mm from the lens center and has a
groove pitch of 0.75 mm. In this case, the groove pitch in a
position at a distance of 4.9 mm from the optical axis LC
(lens center) is set to be smaller than 0.75 mm, so that it is
considered that generation of concentric circles can be
sufficiently suppressed.

The aforementioned operation was executed for each of a
plurality of the prepared lens systems such that desired
groove pitches on a Fresnel lens were obtained at a plurality
of positions. Then, the relation (PL1 depicted in FIG. 5, PL4
depicted in FIG. 7) between a distance from the optical axis
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LC and a desired groove pitch was obtained. Hereinafter, the
results obtained from the plurality of prepared lens systems
will be described. It is to be noted that a generation position
of a concentric circle does not depend on the surface shape
of a convex lens that is the base of each Fresnel lens.
Moreover, a generation position of a concentric circle does
not depend on the surface shape of a lens surface opposite
to a lens surface having a Fresnel structure of the Fresnel
lens, either. Therefore, a description of the surface shape of
a lens surface in each lens system is omitted herein.

Lens System Including One Fresnel Lens

First, results obtained by lens systems SG, SH, SI each
including only one Fresnel lens will be described. The lens
systems SG, SH, SI each include one Fresnel lens FL.

FIG. 13 is a diagram depicting a configuration of the lens
system SG. The Fresnel lens FL included in the lens system
SG has, on the display surface Ds side, a lens surface Lf
having a Fresnel structure and has, on a side opposite to the
lens surface Lf, a convex aspherical lens surface Ln.

It is to be noted that concentric circles are generated due
to a vertical surface (vertical surface 35 in FIG. 1) of a prism
included in a Fresnel structure. Therefore, the surface shape
of the aspherical lens surface Ln does not affect generation
of concentric circles. Further, the surface shape of a lens
surface (in other words, the lens power of the lens surface
L1) that is the base of the lens surface Lf having a Fresnel
structure does not affect generation of concentric circles,
either.

FIG. 14A is a graph depicting the relation between the
distance from the optical axis LC and the groove pitch in the
Fresnel lens FL included in the lens system SG. In the lens
system SG, the groove depth was fixed to be 0.25 mm,
independently from the distance from the optical axis LC.
FIG. 14B is a graph depicting the relation between the
concentric-circle evaluation value and the sight line angle
obtained when the Fresnel lens FL. was used. According to
this graph, in the range G1 and the range G2, the concentric-
circle evaluation value 1 was close to 0. By ray tracing,
prisms corresponding to the ranges G1 and G2 were iden-
tified as prisms at the point G1 (sight line angle: 13.5 degrees
(distance from the lens center: 7.2 mm)) and the point G2
(sight line angle: 23.2 degrees (distance from the lens center:
12.9 mm)), as depicted in FIGS. 14A and 17. The respective
groove pitches in these prisms are depicted in the table
presented in FIG. 17.

The Fresnel lens FL. of the lens system SH has a lens
surface Lf having a Fresnel structure on the display surface
Ds side and has an aspherical convex lens surface Ln
disposed opposite to the lens surface Lf (see FIG. 13),
similarly to the aforementioned Fresnel lens FL of the lens
system SG. FIG. 15A is a graph depicting the relation
between the distance from the optical axis LC and the
groove pitch in the Fresnel lens FL included in the lens
system SH. In the lens system SH, the groove depth was
fixed to be 0.15 mm, independently from the distance from
the optical axis LC. FIG. 15B is a graph depicting the
relation between the concentric-circle evaluation value and
the sight line angle obtained when the Fresnel lens FL. was
used. According to this graph, the concentric-circle evalu-
ation value q was 0 or close to 0 in the range indicated by
a broken line H in FIG. 15B. By ray tracing, prisms
corresponding to the range H were identified as prisms
indicated by the points H1 to H3 presented in FIGS. 15A and
17. The respective groove pitches in these prisms are
depicted in the table presented in FIG. 17.
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The Fresnel lens FL. of the lens system SI has a lens
surface Lf having a Fresnel structure on the display surface
Ds side and has an aspherical convex lens surface Ln
disposed opposite to the lens surface Lf (see FIG. 13),
similarly to the aforementioned Fresnel lens FL of the lens
system SG. FIG. 16A is a graph depicting the relation
between the distance from the optical axis LC and the
groove pitch in the Fresnel lens FL included in the lens
system SI. In the lens system SI, the groove depth was fixed
to be 0.115 mm, independently from the distance from the
optical axis LC. FIG. 16B is a graph depicting the relation
between the concentric-circle evaluation value and the sight
line angle obtained when the Fresnel lens FL of the lens
system SI was used. According to this graph, the Fresnel lens
FL of the lens system SI had a groove pitch smaller than
those of the Fresnel lenses FL in the other lens systems SG
and SH, and a value that was sufficiently greater than 0 was
obtained as the concentric-circle evaluation value in any
position.

The desirable condition of a groove pitch depicted in FIG.
5 was obtained in five points G1, G2, H1, H2, and H3 thus
selected. That is, the formula (1) passing near the five points
(G1, G2, H1, H2, and H3) depicted in FIG. 5 was obtained.
The formula (1) is a function representing a groove pitch at
which the concentric-circle evaluation value becomes 0 or
close to 0. When the groove pitch is equal to or less than the
value of “formula (1)x1.5,” generation of concentric circles
can be suppressed. In addition, when the groove pitch is
reduced, the resolution of an image that can be obtained
through the lens system is degraded. However, as long as the
groove pitch is equal to or greater than the value of “formula
(1)x0.5,” an allowable result regarding the resolution can be
obtained.

Lens System Including Two Fresnel Lenses

Next, results obtained by lens systems SA, SB, SC, SD,
and SE each including two Fresnel lenses will be described.

FIG. 18A is a diagram depicting a configuration of the
lens system SA. The lens system SA includes a Fresnel lens
FL1 and a Fresnel lens FL2. The first Fresnel lens FL1 has
a lens surface L1z having an aspherical shape on the display
surface Ds side and has a lens surface .1/ having a Fresnel
structure and being disposed opposite to the lens surface
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having a Fresnel structure and being opposed to the lens
surface L1f of the first Fresnel lens FLL1 and has a lens
surface [.2» having an aspherical shape and being disposed
opposite to the lens surface L2f

FIG. 18B is a graph depicting the relation between the
distance from the optical axis LC and the groove pitch in
each of the Fresnel lenses FLL1 and FL.2. The groove depth
was fixed to be 0.15 mm, independently from the distance
from the lens center. FIG. 18C is a graph depicting the
relation between the concentric-circle evaluation value and
the sight line angle obtained when the lens system SA was
used. According to this graph, the concentric-circle evalu-
ation value  was 0 or close to 0 in a range indicated by a
broken line A in FIG. 18C. By ray tracing, prisms corre-
sponding to the range A were identified as prisms indicated
by the points Al to A5 presented in FIGS. 18B and 23. The
respective groove pitches in these prisms are depicted in the
table presented in FIG. 23.

It is to be noted that, a Fresnel lens, between the two
Fresnel lens FL.1 and FL.2, that has a larger pitch is surmised
to affect generation of concentric circles in the lens system
SA. As depicted in FIG. 18B, in each of the ranges corre-
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sponding to points Al, A2, and A3, the groove pitch in the
first Fresnel lens FL.1 was larger than the groove pitch in the
second Fresnel lens FL2. Thus, the pitches in the first
Fresnel lens FL.1 were selected as groove pitches corre-
sponding to the points A1, A2, and A3. Similarly, this applies
to other lens systems that will be described later. That is, the
value of the large one of the groove pitches in the two
Fresnel lenses was selected as a groove pitch in a position at
which a concentric-circle evaluation value is close to 0.

FIG. 19A is a diagram depicting a configuration of the
lens system SB. The lens system SB includes an aspherical
lens L3, the first Fresnel lens FLL1, and the second Fresnel
lens FL.2. The aspherical lens 1.3 has, on the display surface
Ds side, a lens surface [.3a having an aspherical shape and
has a nearly flat surface .35 disposed opposite to the lens
surface [L.3a. The first Fresnel lens FL.1 has a nearly flat
surface L1z on the lens L3 side and has a lens surface L1f
having a Fresnel structure and disposed opposite to the
nearly flat surface L1z. The second Fresnel lens FL.2 has a
lens surface [.2f'that is opposed to the lens surface L1f of the
first Fresnel lens FLL1 and that has a Fresnel structure, and a
nearly flat surface 1.2 that is disposed opposite to the lens
surface L.2f

FIG. 19B is a graph depicting the relation between the
distance from the optical axis LC and the groove pitch in the
lens system SB. The groove depth was fixed independently
from the distance from the lens center. The groove depth in
the lens surface L1f of the first Fresnel lens FL.1 was 0.15
mm, and the groove depth in the lens surface L.2f of the
second Fresnel lens FL.2 was 0.12 mm. FIG. 19C is a graph
depicting the relation between a concentric-circle evaluation
value and a sight line angle obtained when the lens system
SB was used. According to this graph, the concentric-circle
evaluation value 1) was 0 or close to 0 in a range indicated
by a broken line B in FIG. 19C. By ray tracing, a prism
corresponding to the range B was identified as a prism at a
position B1 presented in FIGS. 19B and 23. The groove
pitch of this prism is depicted in the table presented in FIG.
23.

It is to be noted that the concentric-circle evaluation value
m was 0 at some points even in the range where the sight line
angle 0 was larger than approximately 30 degrees, as
depicted in FIG. 19C. These points were not selected
because the groove pitch in another lens system (specifically,
a lens system SE that will be described later) was lower.

FIG. 20A is a diagram depicting a configuration of the
lens system SC. The lens system SC includes the Fresnel
lens FL1 and the Fresnel lens FL2. The first Fresnel lens FL1
has a nearly flat surface L1z on the display surface Ds side
and has a lens surface L1f having a Fresnel structure and
disposed opposite to the nearly flat surface L1z. The second
Fresnel lens FL2 has a lens surface [.2f having a Fresnel
structure and being opposed to the lens surface L1f of the
first Fresnel lens FL1 and has a nearly flat surface 1.2»
disposed opposite to the lens surface L2f

FIG. 20B is a graph depicting the relation between the
distance from the optical axis LC and the groove pitch in
each of the Fresnel lenses FL.1 and FL2. In each of the two
Fresnel lenses FL1 and FL2, the groove pitch was fixed to
be 0.5 mm, independently from the distance from the optical
axis LC, as depicted in FIG. 20B. The groove depth in the
lens system SC was unclear because the lens system SC was
purchased from the outside. FIG. 20C is a graph depicting
the relation between a sight line angle and a concentric-
circle evaluation value obtained when the lens system SC
was used. According to this graph, the concentric-circle
evaluation value m was 0 or close to 0 in a range indicated
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by a broken line C in FIG. 20C. By ray tracing, a prism
corresponding to the range C was identified as a prism at a
position C1 (at a distance of 10.5 mm from the lens center)
presented in FIGS. 20B and 23. The groove pitch of this
prism was 0.5 mm, as described previously.

FIG. 21A is a diagram depicting a configuration of the
lens system SD. The lens system SD includes the first
Fresnel lens FL1 and the second Fresnel lens FL2. The two
Fresnel lenses FL.1 and F1.2 have the same configuration as
that of the Fresnel lenses FL.1 and FL.2 of the lens system
SC. That is, the first Fresnel lens FL.1 has a nearly flat
surface Ln and a lens surface [.1f having a Fresnel structure.
The second Fresnel lens F1.2 has a lens surface L2/ having
a Fresnel structure, and a nearly flat surface L.2n.

FIG. 21B is a graph depicting the relation between the
distance from the optical axis LC and the groove pitch in
each of the Fresnel lenses FL.1 and FL.2. As depicted in FIG.
21B, the groove pitch in each of the two Fresnel lenses FL.1
and FL.2 was fixed to be 0.3 mm, independently from the
distance from the optical axis LC. The groove depth in the
lens system SD was unclear because the lens system SD was
purchased from the outside. FIG. 21C is a graph depicting
the relation between a sight line angle and a concentric-
circle evaluation value obtained when the lens system SD
was used. According to this graph, the concentric-circle
evaluation value n} was 0 or close to 0 in a range indicated
by a broken line D in FIG. 21C. By ray tracing, a prism
corresponding to the range D was identified as a prism at a
position D1 (at a distance of 12.6 mm from the lens center)
presented in FIGS. 21B and 23. The groove pitch of this
prism was 0.3 mm, as described previously.

FIG. 22A is a diagram depicting a configuration of the
lens system SE. Similarly to the lens system SB, the lens
system SE includes an aspherical lens 1.3, a first Fresnel lens
FL1, and a second Fresnel lens F1.2. The aspherical lens [.3
has a lens surface [.3a¢ having an aspherical shape and has a
nearly flat surface L35 opposite to the lens surface L.3a. The
first Fresnel lens FL1 has a nearly flat surface .1z and a lens
surface L if that has a Fresnel structure. The second Fresnel
lens F1.2 has a lens surface [.2f'that has a Fresnel structure,
and a nearly flat surface L2n.

FIG. 22B is a graph depicting the relation between the
distance from the optical axis LC and the groove pitch in the
lens system SE. FIG. 22C is a graph depicting the relation
between the distance from the optical axis LC and the
groove depth. As depicted in FIG. 22B, in each of the two
Fresnel lenses FL1 and FL.2, the groove pitch was fixed to
be 0.2 mm, independently of the distance from the optical
axis LC. On the other hand, the groove depth increased with
the distance from the optical axis L.C, as depicted in FIG.
22C. FIG. 22D is a graph depicting the relation between a
concentric-circle evaluation value and a sight line angle
obtained when the lens system SD was used. According to
this graph, the concentric-circle evaluation value n was
close to 0 in each of a range E1 and a range E2. Prisms
corresponding to the ranges E1 and E2 were identified as
prisms at a point El (sight line angle of 27.6 degrees
(distance from the lens center: 16.3 mm)) and a point E2
(sight line angle of 42.1 degrees (distance from the lens
center: 26.1 mm)), as depicted in FIGS. 22B and 23. The
groove pitch of these prisms was 0.2 mm, as described
previously.

From the selected 10 points depicted in FIG. 23, the
condition of a desired groove pitch depicted in FIG. 7 was
obtained. That is, the formula (2) passing among 10 points
was obtained. The formula (2) is a function representing a
groove pitch at which the concentric-circle evaluation value
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becomes close to 0. Therefore, when the groove pitch is
equal to or less than the value of “formula (2)x1.5,” gen-
eration of concentric circles can be suppressed. Further,
when the groove pitch is reduced, the resolution of an image
obtained through the lens system is degraded. However,
when the groove pitch is equal to or greater than the value
of “formula (2)x0.5,” an allowable result regarding the
resolution can be obtained.

Example 1

An example of a lens system including only one Fresnel
lens will be explained.

The configuration of a lens system according to the
example, which is similar to that of the lens system S1
depicted in FIG. 3, includes one Fresnel lens L. The Fresnel
lens L has a lens surface Lf directed to the display surface
Ds side. The lens surface Lf has a Fresnel structure. The
Fresnel lens L has a lens surface Ln opposite to the lens
surface Lf. The lens surface Ln has an aspherical shape.

FIG. 24A is a graph depicting the relation between a
distance from the optical axis LC and a groove pitch in the
lens system (Fresnel lens L) according to the example. In
FIG. 24A, the relation between the distance from the optical
axis LC and the groove pitch is indicated by a solid line PL.7.
Further, a solid line PL1 expressed by the above formula (1)
and broken lines PL.2 and PL3 for defining the conditions of
the groove pitch are depicted. As depicted in FIG. 24A, the
groove pitch in the Fresnel lens L satisfies the conditions
specified by the broken lines PL.2 and PL3.

FIG. 24B is a graph depicting the relation between the
distance from the optical axis LC and the groove depth. As
depicted in FIGS. 24A and 24B, both the groove pitch and
the groove depth in the Fresnel lens L. according to the
example gradually vary with the distance from the optical
axis LC.

Specifically, over the whole range, the groove pitch
gradually decreases with the distance from the optical axis
LC. In the range where the distance from the optical axis L.C
is 0 to 5 mm, the pitch sharply decreases. In the range where
the distance from the optical axis LC is 5 mm or more, the
pitch gently decreases. On the other hand, the groove depth
becomes minimum in a position at a distance of approxi-
mately 5 mm from the optical axis L.C, and the groove depth
gradually increases in the range where the distance from the
optical axis LC is approximately 5 mm or more.

By a method similar to those for the lens systems SG to
S1, a concentric-circle evaluation value was obtained for the
lens system (Fresnel lens L) according to the example. FIG.
24C is a graph depicting the relation between the sight line
angle and the concentric-circle evaluation value obtained
when the Fresnel lens [ was used. As depicted in this graph,
no concentric-circle evaluation value that was much less
than 0 was generated in any of the ranges. This means that
the lens system according to the example did not generate
any concentric circle. FIG. 24D is an image obtained by
being photographed with use of the lens system according to
the example under the photographing condition depicted in
FIG. 8. As depicted in FIG. 24D, generation of a concentric
circle was not acknowledged in any point in the photo-
graphed image.
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Example 2

An example of a lens system including two Fresnel lenses
will be explained.

The configuration of the lens system according to the
example is similar to that of the lens system depicted in FIG.
6 and includes two Fresnel lenses FL1 and FL2. The first
Fresnel lens FLL1 has a lens surface L1n directed to the
display surface Ds side. The lens surface L1z forms an
aspherical lens. The first Fresnel lens FL1 has a lens surface
L1f having a Fresnel structure opposite to the lens surface
L1n. The second Fresnel lens FL.2 has a lens surface L2f
having a Fresnel structure and being directed toward the first
Fresnel lens FL1. Therefore, the lens surface L1/ of the first
Fresnel lens FL.1 is opposed to the lens surface L.2f of the
second Fresnel lens FL2. The second Fresnel lens FL2 has
a nearly flat surface 1.2z opposite to the lens surface L2f.

FIG. 25A is a graph depicting the relation between a
distance from the optical axis L.C and a groove pitch in each
of the Fresnel lenses FI.L1 and FL2 of the lens system
according to the example. The groove pitch is common to
the two Fresnel lenses FLL1 and FL2. In FIG. 25A, the
relation between the distance from the optical axis LC and
the groove pitch is indicated by a solid line PL8. Further, a
solid line PL4 expressed by the above formula (2) and
broken lines PL5 and PL6 for defining the conditions of the
groove pitch are depicted. As depicted in FIG. 25A, the
groove pitch in each of the Fresnel lenses FLL1 and FL.2
satisfies the conditions specified by broken lines PL.2 and
PL3.

FIG. 25B is a graph depicting the relation between the
distance from the optical axis L.C and the groove depth in the
Fresnel lenses FL.1 and L.2. As depicted in FIGS. 25A and
25B, both the groove pitch and the groove depth in each of
the Fresnel lenses FL.1 and FL.2 according to the example
gradually vary with the distance from the optical axis L.C.

Specifically, over the whole range, the groove pitch
gradually decreases with the distance from the optical axis
LC. In the range where the distance from the optical axis LC
is 0 to approximately 8 mm, the pitch sharply decreases. In
the range where the distance from the optical axis L.C is 8
mm or more, the pitch gently decreases. On the other hand,
the groove depth in the first Fresnel lens FL.1 gradually
increases in the range where the distance from the optical
axis LC is approximately 20 mm or less, and gradually
decreases in the range where the distance is approximately
20 mm or more, as depicted in FIG. 25B. The groove depth
in the second Fresnel lens FL.2 gradually decreases in the
range of approximately 3 mm to 10 mm, and gently and
gradually increases in the range of 10 mm or more.

By a method similar to those for the lens systems SA to
SE, a concentric-circle evaluation value was obtained for the
lens system (Fresnel lenses FL.1 and FL.2) according to the
example. FIG. 25C is a graph depicting the relation between
a sight line angle and a concentric-circle evaluation value
obtained when the lens system according to the example was
used. As depicted in this graph, no concentric-circle evalu-
ation value that was much less than 0 was generated in any
of the ranges. This means that the lens system according to
the example did not generate any concentric circle. FIG.
25D is an image obtained by being photographed with use
of the lens system according to the example under the
photographing condition depicted in FIG. 8. As depicted in
FIG. 25D, generation of a concentric circle was not
acknowledged in any point in the photographed image.
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The invention claimed is:
1. A lens system, comprising:
a Fresnel lens, wherein:
a lens surface of the Fresnel lens has a plurality of
grooves that is concentrically formed,
both a pitch that is a distance between two adjacent
grooves and a depth of each of the plurality of
grooves vary with a distance from an optical axis that
passes through a center of the lens system,
the pitch in a position at a distance of 0 mm from the
optical axis is 1.35 to 2.97 mm,
the pitch in a position at a distance of 5 mm from the
optical axis is 0.37 to 0.80 mm, and
the pitch in a position at a distance of 10 mm from the
optical axis is 0.30 to 0.66 mm.
2. The lens system according to claim 1, wherein:
a range where the depth gradually increases with the
distance from the optical axis is provided, and
in at least a part of the range, the pitch gradually decreases
with the distance from the optical axis.
3. The lens system according to claim 1, wherein:
in a case where a distance from a center of the Fresnel lens
and the pitch are defined as X (mm) and P (mm),
respectively, when 0 mm=X=<10 mm, X and P satisty
following conditions:

P=<(0.00021(X-10)"4+0.6)x1.5

P2(0.00021(X-10)"4-+0.6)x0.5.

4. The lens system according to claim 3, wherein when 10
mm<X, P satisfies a condition 0.3=P=<0.9.

5. The lens system according to claim 1, wherein the
Fresnel lens is included in a head mounted display.

6. A lens system, comprising:

a first Fresnel lens comprising an optical axis; and

a second Fresnel lens disposed in an optical axis direction

of the optical axis, wherein:

a lens surface of each of the first Fresnel lens and the
second Fresnel lens has a plurality of grooves that is
concentrically formed,

both a pitch that is a distance between two adjacent
grooves and a depth of each of the plurality of
grooves vary with a distance from an optical axis that
passes through a center of the lens system, and

in each of the first Fresnel lens and the second Fresnel
lens,
the pitch in a position at a distance of 0 mm from the

optical axis is 1.24 to 2.97 mm,
the pitch in a position at a distance of 5 mm from the
optical axis is 0.53 to 1.27 mm, and
the pitch in a range where the distance from the
optical axis is 18 mm or more is 0.10 to 0.24 mm.
7. The lens system according to claim 6, wherein:
a range where the depth gradually increases with the
distance from the optical axis is provided, and

in at least a part of the range, the pitch gradually
decreases with the distance from the optical axis.

8. The lens system according to claim 6, wherein in a case
where, in each of the first Fresnel lens and the second
Fresnel lens, a distance from the optical axis and a pitch are
defined as X (mm) and P (mm), respectively, when O
mm=X=18 mm, X and P satisfy following conditions:

P<(~0.00039(X-18)"3+0.2)x1.5

P2(~0.00039(X-18)"3+0.2)x0.5.

9. The lens system according to claim 8, wherein: when
18 mm<X, X and P have a relation 0.10=P=<0.30.
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10. The lens system according to claim 6, wherein the first
Fresnel lens and the second Fresnel lens are included in a
head mounted display.

11. An image observation apparatus, comprising:

a Fresnel lens, wherein:

a lens surface of the Fresnel lens has a plurality of
grooves that is concentrically formed,

both a pitch that is a distance between two adjacent
grooves and a depth of each of the plurality of
grooves vary with a distance from an optical axis that
passes through a center of a lens system,

the pitch in a position at a distance of 0 mm from the
optical axis is 1.35 to 2.97 mm,

the pitch in a position at a distance of 5 mm from the
optical axis is 0.37 to 0.80 mm, and

the pitch in a position at a distance of 10 mm from the
optical axis is 0.30 to 0.66 mm.

12. The image observation apparatus according to claim
11, wherein:

a range where the depth gradually increases with the

distance from the optical axis is provided, and

in at least a part of the range, the pitch gradually decreases

with the distance from the optical axis.

13. The image observation apparatus according to claim
11, wherein:

in a case where a distance from a center of the Fresnel lens

and the pitch are defined as X (mm) and P (mm),
respectively, when 0 mm=X=<10 mm, X and P satisty
following conditions:

P=<(0.00021(X-10)"4+0.6)x1.5

P2(0.00021(X-10)"4-+0.6)x0.5.

14. The image observation apparatus according to claim
13, wherein when 10 mm<X, P satisfies a condition
0.3=<P=<0.9.

15. The image observation apparatus according to claim
11, wherein the Fresnel lens is included in a head mounted
display.
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16. An image observation apparatus, comprising:
a first Fresnel lens comprising an optical axis; and
a second Fresnel lens disposed in an optical axis direction
of the optical axis, wherein:
a lens surface of each of the first Fresnel lens and the
second Fresnel lens has a plurality of grooves that is
concentrically formed,
both a pitch that is a distance between two adjacent
grooves and a depth of each of the plurality of grooves
vary with a distance from an optical axis that passes
through a center of a lens system, and
in each of the first Fresnel lens and the second Fresnel
lens,
the pitch in a position at a distance of 0 mm from the
optical axis is 1.24 to 2.97 mm,

the pitch in a position at a distance of 5 mm from the
optical axis is 0.53 to 1.27 mm, and

the pitch in a range where the distance from the optical
axis is 18 mm or more is 0.10 to 0.24 mm.

17. The image observation apparatus according to claim
16, wherein:

a range where the depth gradually increases with the

distance from the optical axis is provided, and

in at least a part of the range, the pitch gradually decreases
with the distance from the optical axis.

18. The image observation apparatus according to claim
16, wherein in a case where, in each of the first Fresnel lens
and the second Fresnel lens, a distance from the optical axis
and a pitch are defined as X (mm) and P (mm), respectively,
when 0 mm=X=<18 mm, X and P satisfy following condi-
tions:

P<(~0.00039(X-18)"3+0.2)x1.5
P2(~0.00039(X-18)"3+0.2)x0.5.

19. The image observation apparatus according to claim
18, wherein: when 18 mm<X, X and P have a relation
0.10=P=0.30.

20. The image observation apparatus according to claim
16, wherein the first Fresnel lens and the second Fresnel lens
are included in a head mounted display.
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